In the Yellow Sea, the north-westerly wind dominates in winter and the existence of horizontal clockwise circulation has been suggested (Yanagi and Takahashi, 1993). The formation and variation mechanisms of this clockwise circulation is investigated using the wind forced numerical model which has a simplified basin configuration of the Yellow Sea. The model results show that two vortices (an anticlockwise vortex off Chinese coast and a clockwise vortex off Korean coast) are generated by the uniform north-westerly wind. Both vortices propagate along the shelf slope as the first mode shelf waves. An anti-clockwise vortex can not grow because it does not balance to the wind forcing. On the other hand, a clockwise vortex can grow and it reaches to the equilibrium condition at the northern part of the Yellow Sea, because this circulation can balance to the wind forcing. The time scale to become into the equilibrium condition is about 2 days. From this fact, it is ascertained that a clockwise circulation in the basin is generated periodically according to the variable wind forcing with 4 days period. The steady part of the current field exists with the fluctuating one which is induced by the periodical north-westerly wind.
Introduction
The Yellow Sea is a shelf sea that is surrounded by the west coast of the Korean peninsula and the east coast of China. It is well known that the north-westerly wind parallel to the Korean and Chinese coasts dominates in winter due to the monsoon. The Yellow Sea has a shallow water depth, where the deepest part is less than 100 m, so that, this area is vertically well mixed by the sea surface cooling and wind stirring in winter.
Recently, as an improved result of the schematic current pattern of Kondo (1982) , Yanagi and Takahashi (1993) reproduced the circulation in the Yellow Sea and the East China Sea using a robust diagnostic numerical model. In winter, a steady clockwise circulation was developed from surface to bottom in the Yellow Sea, while an anti-clockwise one in the northern part of the East China Sea from their results. On the other hand, a clockwise circulation was not so developed under the wind forced condition in the sequential pattern of the current vector of Hsueh et al. (1986) .
From current observation results at several points of the Yellow Sea in winter, Hsueh and Pang (1989) indicated that the fluctuating part of the current field with several days period dominated rather than the steady circulations and it was related with the monsoon wind variations. Furthermore, they revealed that these currents are accompanied by the shelf waves which are generated by the northerly periodical wind forcing.
These results suggest two facts: the steady part and the fluctuating part of the current field *Present address: Faculty of Fisheries, Hokkaido University, 3-1-1 Minato, Hakodate 041, Japan.
exist simultaneously in the Yellow Sea during winter, and both current fields are generated by the winter wind forcing. However, the formation and variation mechanisms of such clockwise circulation in the Yellow Sea and dynamical relationship between the clockwise circulation (steady part) and the fluctuating part of the current field are still unknown.
In the present study, we aim to reveal the formation and variation mechanisms of a clockwise circulation in the Yellow Sea during winter, and the importance of shelf waves to the formation mechanisms of water circulations is investigated using the wind forced numerical model.
Model Description
The oceanic condition of the Yellow Sea in winter was investigated by Tawara and Yamagata (1991) using observed hydrographic data obtained form 1964 to 1987. The averaged vertical distribution of temperature and salinity in February is shown in Fig. 1 . Temperature and salinity distributions are approximately uniform in the vertical direction and the horizontal density difference between the Stn.7 (σ t Ӏ 25.80) and Stn.13 (σ t Ӏ 25.83) is a little. Namely, this area could be regarded as approximately homogeneous waters. The sea surface winds were computed over the adjacent seas of Korea from the twice-daily weather maps from year 1978 to 1987 (Na et al., 1992) . Figure 2 shows the distribution of monthly mean wind stress in February. The north-westerly wind dominates at the Yellow Sea. Therefore, we attempt the north-westerly wind forced barotropic model with the simplified basin in order to understand the detailed dynamics of the formation and variation mechanisms of water circulations during winter in the Yellow Sea. Figure 3 where u and v are the depth-averaged components of velocity in x and y directions, respectively; η is the elevation of sea surface from its mean level; τ x and τ y are the x and y components of wind stress; g is the acceleration due to gravity; h is the water depth and f (8.34 × 10 -5 sec -1 ) is the Coriolis parameter. The boundary condition for momentum is slip condition at all lateral walls. The wind stress at the sea surface is given by 
where ρ a (0.0012 g/cm 3 ) is the air density; C d (0.0013) is the sea surface drag coefficient; W x and W y are the x and y components of the wind vector, respectively.
Model Results

Constant wind forcing
The case of constant wind forcing is carried out to reveal the generation and maintenance mechanisms of the clockwise circulation in the Yellow Sea. The wind vector components of x and y direction are given by
( )
respectively. This wind is blowing along the longitudinal axis of the basin. The wind forcing starts from 0 day and stops at 5 days. The sequential patterns of the current vector during wind blowing are shown in Fig. 4 , and those after the wind stops are shown in Fig. 5 .
Generation mechanism of clockwise and anti-clockwise vortices in the basin
Two large vortices are generated in the eastern and the western part of the basin at 0.5 day after the start of wind forcing. The diameter of both vortices is about 600 km which approximately corresponds to the longitudinal basin scale. The eastern vortex is clockwise, while the western vortex is anti-clockwise. Generation mechanism of such clockwise and anti-clockwise vortices in the basin was already explained by Ohshima and Miyake (1990) as an example for winter circulations in Funka Bay, Japan. From Eqs. (1)- (3), we obtain the vorticity equation (8).
Where ζ is the relative vorticity. Under the nondivergence approximation, we consider the local balance along the channel which has a vertical section A-A′ of Fig. 3 (b) and spatially uniform wind is blowing in only negative-y direction, then Eq. (8) is simplified to The initial condition of u is 0 cm/sec. Therefore, at the start of the calculation, we obtain Eq. (10). (10) means that the relative positive (negative) vorticity is provided at the southwestern (north-eastern) part of the basin due to the north-westerly wind forcing on the shelf slope.
Propagation of vortices along the shelf slope
Both vortices propagate looking the coast to its right hand side as time goes on. The eastern vortex becomes strong and stays at the northern part of the basin in 4 days. This vortex stably exists during wind blowing (see 5 days of Fig. 4) . On the other hand, the western anti-clockwise vortex is pressed against the west coast and its offshore scale reduces. In about 3 days after the wind stops, it is found that the large clockwise vortex propagates away southward and relatively, a few small vortices appear in the basin (see Fig. 5 ). Both vortices propagate looking the coast to the right hand side as the first mode shelf waves. After that, an anti-clockwise vortex is reduced, while the clockwise vortex evolutes on the shelf slope in the basin and reaches to the equilibrium condition. At the present case, the equilibrium condition can exist in the basin because the vorticity provided by wind stress on the shelf slope propagates away through the western boundary of the model basin. After about 2 or 3 days from the start of wind blowing, the equilibrium condition is established (see Fig. 6 ). The time scale to be in the equilibrium condition is the same order as the time scale of which the first mode shelf wave propagate the whole basin. When the wind stops, the equilibrium condition is broken down and a clockwise circulation propagates away southward. This fact suggests that the wind forcing contributes to the maintenance of a clockwise circulation.
Maintenance mechanism of the clockwise circulation in a basin
We now consider the steady state of a clockwise vortex. Then the time dependent term of Eq. (9) is neglected and we obtain Eq. (11).
Equation (11) means that the curl of the external wind force balances to the cross-isobath mass transport. In the case of the model basin, the equilibrium condition of a clockwise circulation with the structure of the first mode shelf wave is represented by Eq. (11) at the central part of the basin, i.e. the fluid particles move westward. In the northern part of the basin, since the wind forcing of x-direction is 0 m/sec, vorticity is not provided, i.e. the fluid particles can not move across the shelf slope. Thus, the fluid particles move eastward along the shelf slope, as the compensation transport of the cross-isobath transport at the central part of the basin. Therefore, a clockwise circulation stably exist in the basin during the constant blowing of wind. On the other hand, in the western part of the basin, an anti-clockwise vortex does not balance the wind forcing, because fluid particles at southern part of this vortex can not move eastward due to the relation of Eq. (11). Therefore, an anti-clockwise circulation does not evolute in this basin.
In the real Yellow Sea, the north-westerly winter wind is not steady but fluctuates. Hsueh and Pang (1989) suggested that the variability of current field in the Yellow Sea is also large according to the variation of wind forcing in winter. Next, we consider the case in which the wind forcing has periodical fluctuation, and the calculation results will be compared with the current observation results. Figure 8 shows the time variations of the northward component of current velocity at mooring stations B, D and F shown by Hsueh and Tinsman (1991) , using the observed data during January to April, 1986. In their paper, the wind vector was not shown. So, the northward components of wind vector at a Japan Meteorological Agency (JMA) Ocean Data Buoy in the East China Sea at the same period are also shown in this figure. The northward current occurs when the strong northerly wind blows and the southward current occurs when the weak northerly or southerly wind blows. Particularly, when the strong northerly wind blows after the weak northerly or southerly wind blows, the strong northward current occurs. The wind has periodical fluctuation for about 4 days period, and the currents of all three stations highly correlate with this periodical wind. Therefore, the case of periodical wind forcing with 4 days period is calculated with the use of the same model shown in Fig. 3 . The wind vector components of the x and y direction are given by
Periodical wind forcing with 4 days period
The calculation is carried out for 12 days (correspond to 3 periods of the wind forcing). Figure 9 shows the time series of the y-component currents at points A to D which approximately, correspond to the observation stations of Hsueh and Tinsman (1991) . The northward currents become strong when the northerly wind is maximum, and the southward currents become strong when the northerly wind become weak. These results qualitatively correspond to the observed one which is shown in Fig. 8 . Figure 10 shows the sequential patterns of current vectors over one period of the wind forcing. When the northerly wind is maximum, an anti-clockwise and a clockwise vortices are generated at the western and the eastern part of the basin, respectively. Both vortices propagate looking the coast to the right hand side. An anti-clockwise vortex does not grow but a clockwise vortex becomes large and strong at the northern part of the basin. When the wind becomes weaker, both vortices propagate away southward. Namely, the shelf waves are generated and propagate one after another. This result expresses the significance of fluctuating part of the current field in the Yellow Sea and it corresponds to the results of Hsueh and Pang (1989) . Figure 11 shows the circulation pattern which is obtained by averaging the current velocities over one period (4 days) of the wind forcing. In the basin, the time averaged circulation pattern is similar to the lower two panels of Fig. 4 . The time scale to be in equilibrium condition, which is obtained from dividing the basin scale, by the propagation speed of the first mode shelf wave is about 2 days. This fact means that a clockwise circulation in the basin is generated periodically according to the variable wind forcing with several days period. Namely, the steady part of the current field exists with the fluctuating one at the central part of the basin. 
Conclusion
A simplified numerical model has been developed to examine the formation and variation mechanisms of a clockwise circulation in the Yellow Sea during winter.
In the Yellow Sea, two vortices (an anti-clockwise vortex off Chinese coast and a clockwise vortex off Korean coast) are generated by the uniform north-westerly wind forcing. The Kelvin wave is also generated simultaneously, but it propagates away at the early stage of calculation. Both vortices propagate looking the coast to its right hand side as the first mode shelf waves. An anti-clockwise circulation can not grow because it can not balance to the wind forcing. On the other hand, a clockwise circulation can grow at the northern part of the Yellow Sea and reaches to the equilibrium condition. Then the vorticity caused by wind stress balances to the vorticity caused by stretching and shrinking of the water column. The time scale to reach the equilibrium condition, which is obtained from the propagation time of the first mode shelf wave, from the mouth to the head of the Yellow Sea, is about 2 days. Therefore, the current field of the Yellow Sea highly fluctuates according to the wind forcing with several days period, although this current field has the steady part.
The clockwise vortex needs about 2 days to develop in this model. Such fact suggests that the northerly wind with over 4 days period is needed for developing the clockwise vortex in the Yellow Sea. Hsueh et al. (1986) treated the current field which was induced by the eventlike northerly wind forcing with 2 days period, i.e. before the clockwise vortex propagated to the head of the Yellow Sea, northerly wind became weak. Therefore, the clockwise vortex was not developed in their sequential pattern of current vector (see Fig. 19 of Hsueh et al., 1986) . However, in their mean circulation pattern during 120 days (see Fig. 22 of Hsueh et al., 1986) , a clockwise circulation exist in the Yellow Sea, although that is weaker than that of the present study.
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